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The sodium pump (Na,K-ATPase) in animal cells is vital for
actively maintaining ATP hydrolysis–powered Na� and K�

electrochemical gradients across the cell membrane. These ion
gradients drive co- and countertransport and are critical for
establishing the membrane potential. It has been an enigma how
Na,K-ATPase discriminates between Na� and K�, despite the
pumped ion on each side being at a lower concentration than the
other ion. Recent crystal structures of analogs of the intermedi-
ate conformations E2�Pi�2K� and Na�-bound E1�P�ADP sug-
gest that the dimensions of the respective binding sites in Na,K-
ATPase are crucial in determining its selectivity. Here, we found
that the selectivity at each membrane face is pH-dependent and
that this dependence is unique for each face. Most notable was a
strong increase in the specific affinity for K� at the extracellular
face (i.e. E2 conformation) as the pH is lowered from 7.5 to 5. We
also observed a smaller increase in affinity for K� on the cyto-
plasmic side (E1 conformation), which reduced the selectivity
for Na�. Theoretical analysis of the pKa values of ion-coordinat-
ing acidic amino acid residues suggested that the face-specific
pH dependences and Na�/K� selectivities may arise from the
protonation or ionization of key residues. The increase in K�

selectivity at low pH on the cytoplasmic face, for instance,
appeared to be associated with Asp808 protonation. We con-
clude that changes in the ionization state of coordinating resi-
dues in Na,K-ATPase could contribute to altering face-specific
ion selectivity.

Under physiological conditions Na,K-ATPase actively ex-
trudes three cytoplasmic Na� ions in exchange for two extra-
cellular K� ions by hydrolyzing one molecule of ATP. The
established gradients for Na� and K�, pivotal for generating
membrane potential and regulating cell volume, also provide
the chemical energy for secondary active transport of various
substrates and ions (1). In the reaction cycle, the Na,K-ATPase
changes between two main conformations: an E1 conforma-
tion, where the binding sites are inward-facing and exposed to
the cytoplasm and preferentially bind Na�; and an E2 confor-
mation, where they are outward-facing and exposed to the
extracellular side and preferentially bind K�. At both mem-

brane faces the Na�/K� ion concentration ratios are unfavor-
able; at the cytoplasm-facing binding sites, the K� concentra-
tion is more than 10 times higher than the Na� concentration,
and at the externally facing sites, the Na� concentration is
about 30 times higher than the K� concentration. Moreover,
the apparent affinities for Na� and K� are in the mM range.
Nevertheless, the selectivity for Na� over K� at the cytoplasmic
face is �10-fold, and at the extracellular side there is a K�/Na�

selectivity of more than 100-fold (2). Based on the crystal struc-
ture of the Na�-bound E1�P�ADP form, we recently hypothe-
sized that the ion selectivity at the cytoplasmic face of the pump
depends on size discrimination, where only the smaller Na�

ions fit into the binding sites (3).
pH has been demonstrated previously to have a significant

impact on Na,K-ATPase apparent ion affinities and activity
(4 –6), which has been ascribed mainly to an effect on the E1/E2
equilibrium distribution (7, 8). In the closely related SERCA1a,
however, protonation of acidic residues is structurally impor-
tant (9, 10), leading to improved ion–residue interactions (11,
12). Recent electrophysiological results using Na,K-ATPase
expressed in Xenopus oocytes demonstrate that an increase in
external pH results in external K� competing less well with
external Na� (13), and molecular dynamics (MD)2 simulations
further suggest that differences in the protonation state of key
acidic residues in the binding sites are important for ion selec-
tivity (13–15).

In this study we examined how Na�/K� selectivity and the
ion affinities in the two main conformations E1 and E2 are
affected by changes in pH. The two faces of the pump have
different ion affinities and therefore can be functionally sepa-
rated, and the Na�/K� selectivity at both the extracellularly
and intracellularly facing ion sites can be investigated. More-
over, pKa estimations of key acidic residues were performed
using continuum electrostatic calculations and PROPKA 3.1
with the detailed structure of the Na� and K�-binding sites
obtained from high-resolution crystal structures in the
E1�P�ADP�3Na� and the E2�Pi�2K� states (3, 16) (Fig. 1). It is
suggested that the different apparent ion affinities and thus
Na�/K� selectivities observed at the two faces of the pump at
varying pH are a result of changes in the detailed structure
around the ions, possibly depending on the protonation state of
critical binding residues, which differ at the extracellular and
cytoplasm-facing sites.
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Results

pH-dependence of Na,K-ATPase hydrolytic activity

Fig. 2A (�) shows the familiar bell-shaped pH dependence of
Na,K-ATPase activity measured at three different K� concen-
trations. The distribution broadens as the K� concentration
decreases, and the activity has an optimum that is slightly left-
shifted to lower pH values at increasing K� concentrations. The
bell-shaped curves are not caused by irreversible enzyme inac-
tivation, which takes place only at a more extreme pH, as indi-
cated by the activity measurements at optimal pH of 7.4 after
preincubation at the test pH (Fig. 2A, E). As observed, the
enzyme activity is stable between pH 4.5 and up to about 9.5.
Only outside this pH interval is irreversible inactivation
observed. The irreversible inactivation is independent of K�

concentration. The time dependence of enzyme inactivation at
different pH values is shown in Fig. 2B. The first-order rate
constants for inactivation are 0.70 min�1 at pH 4.0, 0.0021
min�1 at pH 9.5, and 0.059 min�1 at pH 10.2. The irreversible
inactivation induced by very low and very high pH is associated
with structural instability, as observed by increased trypsin sen-
sitivity at these extreme pH values (Fig. 3). As seen from the
95-kDa band intensity in the immunoblot representing unsplit
enzyme, the E1 conformation is slightly more trypsin-resistant
than the E2 form at physiological pH 7.4. The reversible
decrease in enzyme activity outside the pH optimum suggests

the formation of suboptimal ionic forms of the enzyme. This
could be accompanied by changes in the protonation state of
ionizable residues in the cation-binding sites, as already sug-
gested by Skou (7). One such residue could be Glu327 in the
extracellularly facing K� sites, which is expected to become
deprotonated at high pH values (Table 1) because its mutation
to Gln, used as a substitute for protonated Glu, removes the
inhibition at high pH (17).

Na�/K� selectivity at the cytoplasmic face of the Na,K-ATPase

Scheme 1 illustrates K� competition for Na� at the inward-
facing sites in the E1 enzyme form.

If K� is assumed to be a simple competitive inhibitor at the
three cytoplasm-facing Na� sites, the Na� activation curves at
different fixed K� concentrations can be analyzed using the Hill
formalism given by Equation 1, derived from the steady-state
solution of Scheme 1 (18 –20),

v �
Vmax

�1 � K�Na/�Nacyt
� �	nH

(Eq. 1)

where nH is the Hill coefficient, which is smaller than the num-
ber of binding sites unless cooperativity is very high, and K�Na,
the intrinsic site dissociation constant for Na�, is a linear func-
tion of the cytoplasmic K� concentration.

K�Na � KNa
0 �

KNa
0

KK
�Kcyt

� � (Eq. 2)

KNa
0 is the apparent dissociation constant for Na� in the

absence of K�, and KK is the apparent dissociation constant
for cytoplasmic K� as a competitive inhibitor. Therefore, the
slope KNa

0 /KK (or rather 1/slope, because the affinity and
dissociation constants are inversely related) of the linear

Figure 1. Coordinating residues in the K� (A)- and Na� (B)-binding sites
viewed approximately parallel to the membrane. The M4 helix is green, M5
is orange, M6 is wheat-colored, and M8 is yellow. Orange spheres indicate K�

ions and violet spheres Na� ions, and the red sphere is water.

Figure 2. pH dependence of hydrolytic activity (23 °C) at three different K� concentration (5, 20, and 50 mM) with the sum of [Na�] � [K�] � 150 mM.
Measurements are an average of three measurements with S.D. represented by the error bars (smaller here than the symbols). In A, the square symbols represent
activity measured at the indicated pH. The pH optimum is 7.41 
 0.010 for 5 mM K� (green squares), 7.41 
 0.006 for 20 mM K� (red squares), and 7.32 
 0.009
for 50 mM K� (blue squares). The stability of the enzyme at the various pH values was tested by preincubating the enzyme at the test pH for 15 min followed by
measuring the activity at the pH optimum of 7.4 (circles). As indicated, the enzyme is completely stable at pH values between 5.0 and 9.5. Outside of this pH
interval, irreversible inactivation occurs at all K� concentrations tested. B, the inactivation curves in the presence of 100 mM Na� and 50 mM K� at different pH
values (ƒ, pH 4.0; �, pH 5.0; �, pH 7.2; E, pH 9.5; ‚, pH 10.2). The enzyme was preincubated at the indicated pH for variable time periods, and the activity was
then measured at pH 7.4. The curves are exponential fits to the data, with no constraints on the fit parameters. The first-order rate constants of inactivation are
0.70 
 0.06 min�1 at pH 4.0, 0.0021 
 0.002 min�1 at pH 9.5, and 0.059 
 0.004 min�1 at pH 10.2.

Scheme 1

pH-dependent Na�/K� selectivity of the Na� pump
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relationship of Equation 2 is a measure of the Na�/K� selec-
tivity. Note that K�Na, the intrinsic site dissociation constant
for Na�, does not equal the half-saturation constant (K0.5).
Actually, v � 1⁄2Vmax when K0.5 � 3.8 K�Na in this model when
assuming nH � 3.

Fig. 4 shows the Na� activation of Na,K-ATPase measured at
physiological pH 7.5 at different fixed K� concentrations
between 5 and 50 mM, i.e. at concentrations where the extracel-
lularly facing K� sites are saturated. This Na� activation, there-
fore, reflects K� competition with Na� activation at the cyto-
plasm-facing sites, where the apparent Na� affinity is higher
than the K� affinity (21, 22).

As seen in Fig. 4A, the data are well fit by the simplified model
given by Scheme 1 and Equation 1. As [Kcyt

� ] is increased the
curves are shifted progressively to the right, i.e. the intrinsic site

dissociation constant for Na� increases with increasing inhib-
itor concentration, whereas the maximum activity is almost
constant with the increasing K� concentration, as expected for
pure competitive inhibition. A Dixon replot of 1/v versus inhib-
itor concentration, [K�], is also indicative of simple competi-
tive inhibition with the intersection point of the lines above the
[K�] axis at 1/v � 1/Vmax (Fig. 4B). Indeed, Equation 2 is a
simple and convenient tool to investigate the effects of pH on
Na�/K� selectivity. To that end, Na� activation curves were
measured at pH values between 5.0 and 9.2, i.e. in the pH inter-
val where the activity is stable. In Equation 2 the slope of the
line, when the intrinsic Na� dissociation constant is plotted
against K� concentration, represents the Na�/K� selectivity,
KNa

0 /KK, where KNa
0 is the intercept on the y axis. Indeed,

Na�/K� selectivity can increase if the apparent Na� affinity
(1/KNa

0 ) decreases, or if the apparent K� affinity (1/KK)
increases, or both.

In Fig. 5 the intrinsic site dissociation constant for Na� cal-
culated using Equation 1, assuming that both Na� and K� bind
to the same E1 conformation at the cytoplasmic face and that
the extracellularly facing sites are saturated with K� (19), is
plotted against different fixed K� concentrations from 5 to 50
mM at pH values between 5.0 and 9.2. The data fit reasonably
well to the straight-line Equation 2 with an intersection with the
K�Na axis at KNa

0 and a slope of KNa
0 /KK. The simple model for

evaluating the interaction of internal Na� and internal K� on
the E1 enzyme intermediate therefore seems adequate under
the experimental conditions used. As seen, the slopes of the
plots are similar, and the intercepts increase with pH above
7.5 (Fig. 5A), whereas the opposite is true, i.e. the slopes

Figure 3. Trypsin fingerprint of enzyme incubated at pH 4, 7.4, and 10 in the presence of either 150 mM NaCl (E1) or 150 mM KCl (E2) followed by trypsin
digestion at pH 7.4. Right, Coomassie-stained SDS gel. Left, immunoblot reacted with anti-� antibody raised to the C terminus. Arrows indicate variable band
patterns in E1 and E2 at pH 7.4.

Table 1
pKa values of K�-and Na�-binding site residues calculated using
PROPKA or MCCE
Empirical pKa values were calculated by the method PROPKA 3.1 or MCCE 2.7 with
a dielectric constant of 4. *, indicates that the residues are strongly coupled in the E1
and E2 states; †, indicates that the residue is strongly coupled in the E1 state. Indi-
vidual pKa values calculated for these residues are interdependent and ambiguous.
In the MCCE calculations for the E1 conformation all three residues were treated
together as explained under “Experimental Procedures.” Numbering is according to
pig kidney.

pH-dependent Na�/K� selectivity of the Na� pump
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increase and the intercepts are constant for pH values below
7.5 (Fig. 5B).

The dependence of the evaluated apparent ion-affinities and
their ratio (selectivity � 1/slope) on pH is shown in Fig. 6. As
indicated the apparent Na� affinity in the absence of K�

(1/KNa
0 ) is highest at pH � 7.5, where it is almost constant at

about 1 mM. However, at pH � 7.5, KNa
0 increases 2-fold to �2

mM, i.e. the apparent Na� affinity in the absence of K�

decreases with increasing pH. Almost the same pattern is
observed regarding the apparent K� affinity (1/KK), which
means that the Na�/K� selectivity (slope) only varies 2-fold
over the pH range investigated. At a physiological pH of
about 7.5, the slope is 0.088, i.e. the apparent cytoplasmic
Na� affinity is about 11 times higher than the apparent K�

affinity as a competitive inhibitor. This is the same value as
was found in rat kidney enzyme by Therien and Blostein (2)
using a similar experimental approach. As seen, the apparent
affinities for Na� and K� increase very similarly at decreasing pH.
The increase in slope observed at pH 
 6.5 is due to a small pref-
erential increase in apparent K� affinity over Na�. Thus, at pH 5.0
the selectivity of the inward-facing binding sites for Na� over K�

decreases about 5-fold (slope �0.2).

Na�/K� selectivity at the extracellular face of the Na,K-ATPase

Scheme 2 illustrates Na� competition for K� on the out-
ward-facing sites to the E2P enzyme form (19). If Na� is

assumed to be a simple competitive inhibitor at two extra-
cellular K� sites, the K� activation curves at different fixed
Na� concentrations can be described by Equation 3, derived
from the steady-state solution of Scheme 2 (18, 19),

Figure 4. Na� activation of Na,K-ATPase activity at pH 7.5 at different fixed K� concentrations between 5 and 50 mM. A, the data are normalized (v/Vmax)
and are an average of three measurements with S.D. represented by the error bars (smaller here than the symbols). For each fixed K� concentration the enzyme
activity is measured as a function of the Na� concentration. The curves are fit using Equation 1, taking nH � 3 with K� competing at three cytoplasmic Na� sites.
B, a Dixon plot with 1/v plotted against inhibitor concentration, [K�] at different fixed substrate concentrations, [Na�]. The intersection point is approximately
at 1/Vmax.

Figure 5. The intrinsic site dissociation constant for Na� evaluated using Equation 1 as a function of the fixed K� concentration at high pH values (A)
and low pH values (B). The lines are computer-fit to the data using Equation 2, with no constraints on fit parameters.

Figure 6. The apparent dissociation constant for Na� in the absence of
K�, KNa

0 � 10 (E), and the apparent dissociation constant for K�, K�K (‚),
and their ratio (slope) (�) as deduced from the y and x intercepts and the
slopes of the linear fit shown in Fig. 4.

Scheme 2

pH-dependent Na�/K� selectivity of the Na� pump
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v � vmin �
Vmax

�1 � K�K/�K��	nH (Eq. 3)

where K�K is the intrinsic site dissociation constant for K�,

K�K � KK
0 �

KK
0

KNa
�Naext

� � (Eq. 4)

As mentioned previously, the intrinsic site constant does not
equal the half-saturation constant (v � 1⁄2Vmax when K0.5 � 2.4
K�K for nH � 2, disregarding vmin). The term vmin is the activity in
the absence of K� and corresponds to the Na�-ATPase activity.
At pH 7.2 the Na�-ATPase activity amounts to 5% of Vmax at
200 mM Na�. Equation 4 is a straight-line relationship of K�K
versus the Na� concentration, where the y intercept is KK

0 , the
apparent K� affinity without Na� present, and the slope is KK

0 /
KNa, a measure of the K�/Na� selectivity. When the K� activa-
tion is investigated at various fixed Na� concentrations
between 50 and 200 mM, where the cytoplasm-facing sites are
near-saturated (cf. Fig. 4A), it reflects activation at the extracel-
lularly facing ion sites, where the apparent K� affinity is higher
than the Na� affinity (21, 22). In Fig. 7, K� activation curves are
shown at pH 7.5 at various fixed Na� concentrations between
50 and 200 mM.

As seen from Fig. 7A, the model given by Scheme 2 and Equa-
tion 3 adequately describes the K� activation at various fixed
Na� concentrations. As Na� is increased the curves are pro-
gressively shifted to the right, demonstrating an increasing
intrinsic site dissociation constant for K� at increasing inhibi-
tor concentration. The maximum activity is identical for all
Na� concentrations larger or equal to 50 mM. At [Na�] � 25
mM, Vmax is reduced (by about 20%, not shown), demonstrating
that 25 mM Na� is not saturating the cytoplasmic Na� sites, as
also observed from Fig. 4. This inhibition pattern is as expected
for pure competitive inhibition of K� activation by Na�, as also
indicated by the Dixon replot of 1/v versus the inhibitor con-
centration (Fig. 7B) with an intersection point approximately
equal to 1/Vmax.

To investigate the effects of pH on Na�/K� selectivity on the
extracellularly facing binding sites, activation curves similar to
the ones depicted in Fig. 7 were measured at pH values between

5.0 and 9.4. As seen for the Na� competition with extracellular
K� at varying pH, the K� activation curves at both higher and
lower pH are right-shifted at increasing Na� concentrations,
indicating a lowering of the apparent K� affinity, whereas the
maximum activity is almost constant with increasing Na� con-
centrations, as expected for pure competitive inhibition.

When the intrinsic site dissociation constant for K� (K�K)
given in Equation 4 is plotted against the fixed Na� concentra-
tions at the various pH values, the data given in Fig. 8 result. As
seen, the data appear to follow the expected straight-line rela-
tionships indicating that the simple model for evaluating the
interaction of external K� and Na� on the E2 intermediate is
adequate under the experimental conditions used.

The pH dependence of the Na�/K� antagonism at the extra-
cellularly exposed binding sites (Fig. 8) is very different from
that observed at the cytoplasm-exposed sites (Fig. 5). The
slopes decrease at pH values either below (Fig. 8A) or above
(Fig. 8B) pH 7.5.

The results of an intercept/slope analysis are given in Fig. 9.
The apparent dissociation constant for K� in the absence of
Na� and the apparent dissociation constant for Na� have sim-
ilar shapes except at pH values lower than about 6, where KNa
and KK

0 vary inversely with pH. At physiological pH, the extra-
cellularly facing sites are about 400 times (1/slope) more selec-
tive for K� than for Na�. The slope (KK

0 /KNa) is at a minimum at
low pH, where the K� selectivity over Na� reaches a value of
2.500. The selectivity of K� over Na� also increases at increas-
ing pH values reaching 600 at pH 9.4. Thus, as also found for the
cytoplasm-facing sites, K� selectivity over Na� increases at low
pH. This change reflects a preferential increase in the apparent
K� affinity over apparent Na� affinity.

pKa estimations and protonation of key acidic residues

The differing ion affinities in the E1 and E2 states and their
distinct variations with pH suggest that the stability of the indi-
vidual ions in the binding sites varies between the two states.
This stability must be determined by the detailed structure
around the ion-binding sites, including the location of protons.
It is conceivable that the locations of hydrogen ions change
between different Na,K-ATPase conformations, which could

Figure 7. K� activation of Na,K-ATPase activity at pH 7.5 at different fixed Na� concentrations between 50 and 200 mM. A, the data are normalized
(v/Vmax) and are an average of three measurements with S.D. represented by the error bars (smaller than the symbols). For each fixed Na� concentration the
enzyme activity is measured as a function of the K� concentration. The curves are fit using Equation 3, with Na� competing at two extracellular K� sites. B, Dixon
plot with 1/v plotted against the inhibitor concentration, [Na�], at different fixed substrate concentrations, [K�]. The intersection point is approximately at
1/Vmax.
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include changes in the protonation states of acidic binding res-
idues, as suggested from MD simulations of both E1 and E2
structures (13–15). The ion-binding sites of Na,K-ATPase are
formed by four TM helices (Fig. 1, M4, M5, M6, and M8). These
TM helices contribute six key acidic residues (Glu327, Glu779,
Glu954, Asp804, Asp808, and Asp926), all of which are implicated
in Na�/K� selectivity (13–15). The K�-coordinating acidic res-
idues comprise Glu327 of M4 (Glu334 in shark), Glu779 of M5
(Glu786), and Asp804 of M6 (Asp811). Asp808 of M6 (Asp815) is
included, although it does not directly coordinate a K� ion, but
it stabilizes a K�-coordinating water molecule (16). Two of the
Na�-binding sites share the same four residues, Glu327, Glu779,
Asp804, and Asp808, which coordinate Na� at sites I and II,
whereas the Na�-specific site III also includes Asp926 of M8,
although its interaction with Na� at site III is marginal (dis-
tance 4.2 Å). However, it is conceivable that site III initially
binds Na� closer to Asp926, as indicated by its slightly different
location in the two protomers in the crystals, see below (3).
Glu954 may participate, as it is implicated in a putative “C-ter-
minal ion pathway” as postulated from neurological disease
mutations (23, 24), although the N-terminal pathway for Na�

entry is more likely under physiological conditions according to
the high-resolution Na�-bound structure (3).

Although the location of the hydrogen molecules has not yet
been determined experimentally, protonation states can be
gauged by estimating the empirical pKa values in both the E1
and E2 states. Table 1 shows the pKa values as estimated by
PROPKA 3.1 (25) compared with values estimated by multi-

conformation continuum electrostatic calculations (MCCE)
(26); they accommodate van der Waals and electrostatic ener-
gies differently and do not explicitly incorporate hydrogen
bonding. Atomic models based on the crystal structures of
Na,K-ATPase in the E2�Pi�2K� state (PDB ID: 2ZXE) and
E1�P�ADP�3Na� state (PDB ID: 3WGV and 3WGU) were used
in the calculations. The estimated values must be regarded as
tentative for several reasons. First, as seen from Fig. 10, the
available crystal structures represent enzyme conformations
that succeed the conformational states that actually bind the
Na� (E1�ATP) and K� ions (E2-P). Thus, there may be struc-
tural rearrangements of side chains of acidic residues in the
actual ion-binding conformations that are not accommodated
in the calculations. Indeed, even small structural variations
occurring in the two protomers in the 3WGU structures
(protomers A and C) result in reversed pKa values for Glu327

and Asp804 calculated by PROPKA 3.1 (10.9 and 5.3, respec-
tively, for protomer A, but 6.1 and 10.6 for protomer C), a situ-
ation also apparent when comparing the two structures, 3WGV
and 4HQJ (cf. Ref. 14). Furthermore, the pKa values calculated
by PROPKA and MCCE may be interdependent, due to cou-
pling of coordinating residues in the cation-binding sites. This
is especially important in regard to Glu327, Glu779, and Asp804,
all of which are strongly coupled in the crystal structures of the
two main structures, and in addition, in regard to Asp808 in the
E1 state (Table 1 and Fig 11). Finally, the parameter value for
the dielectric constant (�) of the protein interior is uncertain.
Normally, a value of 4 is chosen for larger proteins.

As seen in Table 1, in the K�-binding E2 conformation, rep-
resented by the E2�Pi�2K� structure, the pKa values estimated
by both PROPKA and MCCE indicate that at physiological pH
7.5 the three Glu residues and Asp926 are protonated, whereas
Asp804 and Asp808 are deprotonated. The protonation of
Glu327:O�2 and Glu779:O�1 is in accord with the crystal struc-
ture of the E2�Pi�2K� state (16), where the distances between
the carboxylates of these two residues and the carbonyl of
Val325 and Asp804:O�2 are only 3.0 and 2.8 Å, respectively
(Fig. 12).

In the Na�-binding E1 conformation represented by the
E1�P�ADP�3Na� structure, Glu954 is protonated, and Asp808

and Asp926 are deprotonated according to MCCE and
PROPKA. The protonation states of Glu327, Glu779, and Asp804

are more ambiguous, as mentioned above, and individual pKa
values assigned by MCCE seem particularly unreliable. Instead,

Figure 8. The intrinsic site dissociation constant for K� evaluated using Equation 3 as a function of the fixed Na� concentrations at various pH values.
The lines are fit using Equation 4, with no constraints on fit parameters.

Figure 9. The apparent dissociation constant for K� in the absence of
Na� (E), K�/Na� selectivity, the slope (�), and the apparent dissociation
constant for Na� (‚) as deduced from the y and x intercepts and slope of
the linear fit shown in Fig. 7.

pH-dependent Na�/K� selectivity of the Na� pump
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with MCCE, we treated the three residues as a group as
described below under “Experimental procedures.” The dis-
tance between Glu327:O�2 and Asp804:O�2 is only 2.8 Å in the
E1�P�ADP�3Na� crystal structure, implying that at least one of
these residues (probably Glu327 according to PROPKA (Table
1)) is protonated (Fig. 11). The protonation state of Glu779:O�2
is more uncertain. Thus, although the distance between Glu779:
O�1 and Ser775:O in 3WGV(A) is short (2.8 Å), the geometry is
irregular for a hydrogen bond, and further, Ser775:O makes a
hydrogen bond with Glu779:N. As there are two other polar
oxygen atoms, Asp804:O�1 and Asp808:O�1, near Glu779:O�1,
this region may be short of protons. Thus Glu779:O�2 could be
protonated rather than Asp804:O�1 and Asp808:O�1. If Glu779:
O�2 is protonated, the hydrogen bond may be bifurcated.

The protonation states of the acidic residues at different pH
values can in principle be calculated using the Henderson-Has-
selbalch (H-H) equation,

P �
1

1 � 10pH�pKa (Eq. 5)

where P is the protonation probability. However, the H-H equa-
tion may not apply to residues that are strongly coupled, like
Glu327, Glu779, Asp804, and Asp808 in the E1 state and Glu327,
Glu779, and Asp804 in E2. The protonation probabilities of con-
formers at various pH values were also estimated by MCCE
using Monte-Carlo simulations. This yielded pH-dependent
protonation probabilities for each ionizable residue. Using the
pKa values calculated by PROPKA for the noncoupled residues
given in Table 1, the protonation profiles of these binding res-
idues in the E2 and E1 states at pH values between 5.0 and 10.0

are shown in Fig. 11. As seen, the most pronounced difference
between the K�- and the Na�-binding conformations is a left-
shift of the curve for Asp926. There is a slight right-shift of the
protonation curves for Glu954. In the E2 state a decrease of pH
from the physiological value of 7.5 to 5.0 predicts an increase in
the protonation probability of Asp808. On the other hand,
Glu954 and Asp926 have an increased probability to ionize on
increasing the pH from 7.5 to 10.0 (Fig. 11). The protonation
probabilities calculated using MCCE in the E2 state appear to
follow the H-H equation and indicate the following order of
proton affinities: Glu779 � Glu954 � Asp926 � Glu327 � Asp808 �
Asp804); the same order is obtained using the PROPKA results.
Within the range of pH 5 to 10, four carboxylate groups are
protonated. Asp808, which coordinates K� site I, appears to
become protonated only below pH 5, whereas Glu327 near site II
ionizes above pH 10.

In the E1 state the pKa values for Asp808 and Glu954 indicate
that they are deprotonated and protonated, respectively, at
physiological pH. Asp926 appears to become protonated only at
values below physiological pH. The pH profiles for Glu327,
Glu779, and Asp804 do not conform to the H-H equation, in
agreement with their strong coupling. The order of proton
affinities in the E1 state is: Glu954 � Glu779 � Asp804 � Glu327 �
Asp926 � Asp808. It seems that the group of residues comprising
Glu327, Glu779, and Asp804 acquires a proton as pH is decreased
and loses a proton as it is increased.

Discussion

The pH dependence of Na,K-ATPase activity is character-
ized by a bell-shaped curve about the physiological pH opti-
mum of 7.5 (Fig. 2). The decline in activity on either side of the
optimum is reversible between pH 5 and 9.4 and irreversible
outside of these limits (Fig. 2). The reversible inhibition must
result from the formation of new inhibitory ionic forms and the
irreversible inactivation from the loss of structural integrity, as
demonstrated by increased trypsin sensitivity (Fig. 3).

We determined the Na�/K� selectivity at the cytoplasm-fac-
ing and extracellularly facing ion-binding sites independently
using a model of simple competition between Na� and K� at
three cytoplasmic Na� sites on E1 and two extracellular K�

sites on E2, in accordance with studies on the Na,K-ATPase in
red cells (18, 19, 27–30). The linear relationships of K�Na versus
[K�] in Fig. 5 and of K�K versus [Na�] in Fig. 8 are strong indi-
cations that the simplified model in which Na� and K� bind
randomly to the same enzyme intermediate (E1 and E2, respec-
tively) is adequate under the experimental conditions used.
Indeed, we found that the apparent ion affinity decreased as the
inhibitor/competing ion concentration increased, and Vmax
remained unchanged (cf. Figs. 4 and 7) (31). Crucially, in this
system, the ion affinities could be investigated independently at
the two faces of the pump by separating them functionally,
because of their different apparent Na� and K� affinities.

Our major finding was to demonstrate the distinct sidedness
of pH effects on apparent ion affinities and Na�/K� selectivity
as summarized in Figs. 6 and 9. The Na� sites are selective for
Na� over K� by a factor of about 11 (1/slope) at pH � 7.5, and
half that at lower pH. The latter is due to a slight increase in K�

affinity (70% change) and a decrease in that of Na� (22%). An

Figure 10. The reaction cycle of Na,K-ATPase with the two high-resolu-
tion crystal structures framed.

Figure 11. Protonation of acidic residues that are not strongly coupled in
the K�- and Na�-binding sites as a function of pH using the pKa values
calculated by PROPKA 3.1 (Table 1) and the Henderson-Hasselbalch
equation. f, E1 state; F, E2 state.
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alkaline pH slightly lowers Na� selectivity over K� due to low-
ered Na� affinity, but the effect is small, and the affinities for
Na� and K� change almost proportionately with pH.

For the outward-facing K� sites, a lowering of pH is associ-
ated with a dramatic increase in selectivity for K� over Na�,
from a factor of about 400 at physiological pH to about 2500 at
pH 5 (Fig. 9). Slope analysis reveals that this is due to an increase
in the apparent K� affinity and a decrease for Na�. Increasing
pH from 7.5 to 9.4 also increases selectivity for K�, but less
profoundly, from 400- to 600-fold (Fig. 9).

Recent high-resolution crystal structures of Na,K-ATPase in
the K� bound E2�P state (16) and the Na�-bound E1�P�ADP
state (3) suggest that Na�/K� selectivity at the two faces of the
pump is critically dependent on the detailed structure of the
ion-binding sites and that size discrimination is an important
feature. On the cytoplasmic side, the Na� sites are constrained
and tightly juxtaposed so as to accommodate smaller ions. On
the extracellular side, the K�-binding sites are looser to accom-
modate larger ions, as the spread of coordinating atoms can
only weakly interact with small ions.

Several coordinating residues are common to both sites, as
shown in Table 1 and Fig. 1. Glu327, Glu779, and Asp804 coordi-
nate both the K� and Na� ions. Asp808 coordinates both Na�

sites I and III and indirectly coordinates K� site I through an
intervening water molecule (16). In addition, Asp926 is impor-
tant for apparent Na� affinity (24) and is involved indirectly
as an ion-coordinating residue through a hydrogen bond
with Thr774:O	1, which coordinates Na� site III in the
E1�P�ADP�3Na� state (3). Protonation of Glu327, Glu779, and
Asp808 is required to establish the strong selectivity for K� over
Na� at sites I and II of the E2�Pi�2K� state (13), as is the case for
the corresponding residues in the E2 state of SERCA1a (32). Rui
et al. (14) have hypothesized from MD simulations using the
high-resolution structure 3WGV (3) that a different set of res-
idues is protonated in E1 compared with E2, where the proto-
nation states of aspartates 808 and 926 are reversed between
the two conformations.

For the inward-facing Na� sites, our pKa calculations suggest
that the modest change in Na�/K� selectivity at low pH may be

caused by protonation of Asp926, which is close to Na� at site III
(Figs. 11 and 12). It is uncertain whether the protonation state
of Asp804 also changes, as the estimated pKa value is unreliable
due to strong coupling to Glu327, Asp808, and Glu779. Asp926 is
4.2 Å from Na� site III and seemingly only marginally involved
in Na� coordination. However, as mentioned previously it is
possible that Na� initially binds more closely to Asp926 in the
E1ATP state, as occurs in protomer A in the E1�P�ADP�3Na�

crystals (3). Furthermore, Asp926 is involved in an extensive
hydrogen-bonding network, which includes Tyr774 and Gln854,
to stabilize the Na�-binding sites (3). This seems to be in accord
with the free energy perturbation calculations done by Rui et al.
(14) demonstrating that the charge neutralizing the D926N
mutation eliminates Na� selectivity. In fact, D926N mutants
have a decreased apparent Na� affinity, despite a slight E1/E2
conformational shift toward E1 (33). For the outward-facing
K� sites, pKa estimations suggest that increasing pH results in
deprotonation of Asp926 and perhaps Glu327. The latter is
uncertain because of the ambiguous pKa calculation caused by
the strong coupling to Glu779 and Asp804. However, mutation of
Glu327 to a Gln removes the inhibition of hydrolytic activity
observed at high pH, compatible with ionization of this residue
at alkaline pH in the wild type (17). Lowering the pH from 7.5 to
5.0, which has such a profound effect on selectivity, appears
mainly to protonate Asp808, as it has an estimated pKa value of
5.8 (PROPKA analysis, Table 1). Protonation of both Glu327,
which coordinates K� site II, and Asp808, which is indirectly
involved in the coordination of K� site I, may be very important
for establishing the physiological selectivity of K� over Na� at
the K� sites. Paradoxically, the K� over Na� selectivity is low-
est at physiological pH.

The protonation state of Asp926 in the binding sites of Na,K-
ATPase under physiological conditions is different in E1
(deprotonated) and E2 (protonated), whereas Asp808 is depro-
tonated in both states according to the pKa values estimated
from PROPKA and MCCE (Table 1). The different protonation
state of Asp926 is in accordance with the results of Rui et al. (14).
Free-energy calculations by all-atom MD, which explicitly
incorporate hydrogen atom interactions, resulted in pKa values

Figure 12. Distance between coordinating residues around the K� ion-binding site (left, PDB ID 2ZXE) and the Na� ion-binding sites (right, PDB ID
3WGV, protomer A). Critical distances (Å) to carboxylate oxygens of key acidic residues (green sticks) are shown.
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for Asp804 in the E1 state of 9.2 (14) and for Asp808 in the E2
state of 9.4, respectively (13), i.e. both are protonated in the
respective states at pH 7.5. Indeed, Asp808:O�2 is only 2.9Å
from Ser775:O	 in the E2 state, and Asp804:O�2 is only 2.6 Å
from Glu327:O�2 in the E1 state; these are close distances that
favor protonation (Fig. 12). The dynamic protonation/deproto-
nation reactions of Asp926 have been suggested to be integral to
the overall Na,K-ATPase reaction and to the different Na� and
K� selectivities associated with the E1/E2 states, and proton
exchange between cation sites and the cytoplasm at physiolog-
ical pH has been postulated previously (26), ideas that are rein-
forced by our findings (cf. Refs. 34 and 35). On a cautionary
note, the pKa values calculated by MD simulations may be
questionable because of the empirical force field employed
(CHARMM) (36) not dealing with hydrogen bonding realisti-
cally. It is, therefore, unclear whether the thermodynamically
averaged structure obtained by MD simulations is the same as
that derived from X-ray analysis, which is important because
small structural differences could significantly influence esti-
mated pKa values. Furthermore, both the charge and confor-
mation of the side chains of the coordinating residues are crit-
ical, as demonstrated recently for the charge selectivity of
ligand-gated ion channels (37).

In conclusion, the distinct difference in Na�/K� selectivity at
the two faces of Na,K-ATPase as a function of pH, where out-
ward-facing K� sites become increasingly selective for K�

below and above pH 7.5 due to a preferential increase in K�

affinity over Na� and the inward-facing Na� sites exhibit
decreased selectivity for Na� over K� at low pH due to prefer-
ential increased affinity for K�, changing hardly at all at high
pH, may be a consequence of the changes in ionization state of
key acidic ion-binding residues. Our pKa calculations suggested
that Asp804, Asp808, and Asp926 ionize between pH 4.5 and 9.5,
and other residues may as well, but electrostatic coupling pre-
vents making firm conclusions here. Outside of this pH range
irreversible inactivation occurs. Ionization or protonation of
ion-coordinating residues may be another mechanism, besides
the size of binding sites, for controlling cation selectivity. This
may be important in the kidney nephron, where large variations
in pH and ionic conditions occur. It also may help to counteract
hyperkalemia under acid conditions (38).

Finally, although such changes in residues coordinating the
cations seem likely to be involved in the pH and selectivity
changes, it cannot be excluded that the effects are indirect
through, for example, changes in the E1/E2 equilibrium or local
structural changes around the exposed ion-binding sites.

Experimental procedures

Preparation of Na,K-ATPase

Na,K ATPase from the outer medulla of pig kidney was pre-
pared according to the method of Jørgensen (39) using SDS
extraction followed by differential centrifugation to isolate
Na,K-ATPase enriched membrane fragments.

Measurement of Na,K-ATPase activity

The specific enzyme activity was measured using the method
of Baginski et al. (40). The optimum hydrolytic activity was
measured at 23 °C in a test medium that contained 130 mM

NaCl, 20 mM KCl, 4 mM MgCl2, 3 mM ATP, and 20 mM buffer
depending on pH. The optimum specific activity was �2100

mol�mg�1�h�1 at 37 °C under standard conditions as
described by Ottolenghi (41). In analyzing the Na�/K� selec-
tivity, enzyme activity was measured at saturating concentra-
tions of one of the ions, Na� or K�, while the concentration of
the other was varied. Thus, in measuring Na�/K� selectivity
at the cytoplasm-facing binding sites, the activity was measured
at increasing Na� concentrations and at a fixed K� concentra-
tion of 5, 10, 20, 30, 40, or 50 mM, which are all saturating at the
extracellularly facing binding sites. Similarly, in analyzing
Na�/K� selectivity at the extracellular facing binding sites, the
activity was measured at increasing K� concentrations and at a
fixed Na� concentration of 50, 75, 100, 150, or 200 mM, which is
saturating for the cytoplasm-facing binding sites. The variation
in ionic strength was without effect on the activation curves, as
controlled by experiments where choline chloride was used to
keep the ionic strength constant (not shown). The protein con-
tent was determined by the method of Lowry et al. (42) as mod-
ified by Peterson (43) using bovine serum albumin as the
standard.

Trypsin digestion

Trypsin cleavage of Na,K-ATPase after preincubation at dif-
ferent pH values was performed as described previously (44).
Briefly, protein was suspended in a buffer containing 30 mM

histidine, imidazole, or MES, depending on the actual pH, 150
mM NaCl (E1) or KCl (E2), and 20 mM MgCl2. The protein was
preincubated for 45 min at 24 °C before the addition of 0.3

g/
l trypsin after adjusting the pH to 7.4. Proteolysis was
allowed to proceed for 45 min at 24 °C followed by quenching
with SDS sample buffer containing 0.5% TCA.

Gel electrophoresis and immunoblotting

Protein fragments were separated using SDS-PAGE (3%
stacking gel, 8% resolving gel). Between 7 and 15 
g of protein
was loaded to each lane. The gels were stained by Coomassie
Blue or transferred onto PVFD membranes for immuno-
staining using a semidry blotter. Following a 2-h transfer, the
membranes were washed twice with phosphate-buffered saline
and incubated with primary antibody (�1002–1016, kindly pro-
vided by J. V. Møller) overnight at room temperature. The
membranes were washed as described previously and incu-
bated with secondary goat anti-rabbit antibody for 2 h at room
temperature. Proteins were visualized by treatment with ECL
reagent (Amersham Biosciences) according to the manufactu-
rer’s procedure.

Digital imaging

Analyses of SDS-gels and immunoblots were performed
using ImageQuant TL software (Amersham Biosciences).

Numerical analysis of pKa

The protonation state of six key acidic residues in the binding
sites for extracellular K� and cytoplasmic Na�, respectively,
was evaluated using the Poisson-Boltzmann equation, employ-
ing MCCE (version 2.7 in the full mode) (26) and using atomic
models based on the crystal structures of Na,K-ATPase in the
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E2�Pi�2K� state (PDB ID: 2ZXE) (16) and E1�P�ADP�3Na�

state (PDB ID: 3WGV and 3WGU) (3). The target system
derived from the crystal structures included 400 amino acid
residues, ions, and water molecules in the membrane region. In
the calculations for the E2 state (2ZXE), the system was com-
posed of residues Ile90-Gln150, Thr282-Ala352, and Ala756-
Tyr1023 plus the two K� ions and the 39 water molecules in the
membrane region. The system used for the E1 state (3WGV and
3WGU) includes residues Val83-Gln143, Thr275-Ala345, and
Ala749-Tyr1016 plus the three Na� ions and the five water mol-
ecules in the membrane. Different values of the protein dielec-
tric constant between 4 and 16 were used to assess sensitivity to
this parameter in the MCCE calculations. Empirical pKa values
were also estimated using PROPKA 3.1 (25). We calculated the
probabilities of protonation states for the six key acidic residues
of Na,K-ATPase by MCCE. Their pH dependences indicate
that three residues, Glu327, Glu779, and Asp804, are strongly
coupled in the E1 state. Similar coupling is also indicated by
PROPKA. Coupling is expected by geometrical analyses of the
crystal structures, because the carboxyl group of Asp804 is close
to those of Glu327 and Glu779. Thus, it is difficult to determine
each pKa value independently. However, this interdependency
also indicates that the proton affinities of the three residues
must be similar. Treating all three residues together, we plotted
the sum of the probabilities of the protonation as a function of
pH and treated it as composed of three Henderson-Hasselbalch
equations with three parameters, pKa1, pKa2, and pKa3. The
plots indicated that one of the three parameters must be larger
than 14.0; the other two parameters were determined by Excel
Solver.

Statistical analysis and modeling

Results are expressed as mean 
 S.D., and p 
 0.05 is
regarded as significant in all comparisons. The program Prism 6
was used to analyze the data. Structural models were prepared
using PyMOL.
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